Summary The influence of anthracyclines on membrane permeability functions has been investigated in HeLa cells by monitoring the efflux of fluorescein. Release of the fluorescent dye, dependent on the metabolic energy supply, occurs after the intracellular accumulation and enzymatic hydrolysis of the non-fluorescent substrate fluorescein diacetate (FDA). Flow cytometric evaluation of the efflux kinetics showed that adriamycin (ADR), N-trifluoroacetyladriamycin-14-valerate (AD-32) and daunorubicin (DNR) inhibited the permeability process. The degree of inhibition was dependent, though to different extent, on the intracellular concentration of each drug. An increase in the efflux rate was always observed when the cells were treated with the drugs in the presence of 20 mM glucose. Relationship of these effects with energetic metabolism was supported by the finding that ATP levels were lowered by the drugs and increased by glucose. Evaluation of the cytotoxicity induced by each drug showed that the intracellular amount necessary to inhibit cell survival by 50% was of the same order of magnitude as that which decreases to 50% membrane permeability to fluorescein. These results indicate a correspondence in the concentrations of anthracyclines required for inducing cytotoxicity and for inhibiting membrane permeability functions dependent on the metabolic energy supply.
Many studies have provided evidence that anthracyclines interact with the cells at different sites, such as DNA (Di Marco et al., 1974) , membranes (Goldman et al., 1978, Goormaghtigh and Ruysschaert, 1984) and mitochondria (Gosalvez et al., 1974; Ferrero et al., 1976; Mailer & Petering, 1976) , however, it is not yet well understood to what extent these interactions are involved in the mechanisms that induce cytotoxicity.
Given the antitumoural activity shown by derivatives that do not bind to DNA (Israel et al., 1975; Krishan et al., 1976) , or by polymer-bound drugs that do not enter the cells (Tritton et al., 1983; Rogers et al., 1983) , particular attention has been paid to the interaction with the cell membrane. However, only a few studies have attempted to investigate whether these drugs significantly impair the membrane functions in intact cells (Landolph et al., 1980; Murphree et al., 1981; Chahwala & Hickman, 1985) .
In a previous study we showed that daunorubicin (DNR) was able to affect membrane permeability properties determining the process of fluorochromasia in living cells (Prosperi et al., 1985) . This process is based on the intracellular accumulation and enzymatic turnover of a fluorogenic substrate, causing the cells to become strongly fluorescent (Rotman & Papermaster, 1966) .
Fluorochromasia has been used to assess membrane properties since the appearance of fluorescence in the cells, resulting from enzyme activity, depends on substrate influx and fluorescent product efflux (Sengbush et al., 1976; Sontag, 1977; Baisch, 1978; Augsten & Strauss, 1984) . In particular, when fluorescein diacetate (FDA) is used as the fluorogenic substrate, the efflux of the fluorescent product (fluorescein) has been shown to be influenced by membrane integrity (Rotman & Papermaster, 1966) , inhibited by mitochondrial poisons and modulated by the presence or absence of glucose in the extracellular medium (Prosperi et al., 1986) .). Therefore, the monitoring of the kinetics of fluorescence decrease in fluoresceinloaded cells may provide useful information on membrane functions, especially on permeability properties dependent on the metabolic energy supply.
The efflux of fluorescein has been found to be inhibited by DNR -an effect that is partially offset by the presence of glucose -like the influence exterted by mitochondrial poisons.
In order to further establish the actual role of anthracyclines as agents that affect membrane permeability functions, we investigated the influence of other derivatives, as compared with that of DNR. Adriamycin (ADR) and N-trifluoroacetyladriamycin-14-valerate (AD-32) were considered: the former -the anthracycline most often used -is thought to exert its activity mainly by DNA interaction (Di Marco et al., 1974) , while the latter is characterized by an antitumoural activity not involving DNA intercalation (Israel et al., 1975) . The ability of these drugs to inhibit fluorescein efflux and the dependence on metabolic aspects were assessed by evaluating dye release in the presence of glucose and by determining intracellular ATP levels after drug treatments. The relationship between the amount of drug taken up and the degree of efflux inhibition was studied, both in the presence and in the absence of glucose. Indeed, it is known that the intracellular amount of drug depends on the metabolic energy supply (Dan0, 1973; Inaba et al., 1979) . The cytotoxicity induced by the drugs in the same conditions that were found to inhibit the efflux of fluorescein was also studied.
Materials and methods

Cells
HeLa cells were grown as monolayers in Corning flasks in MEM (minimum essential medium), supplemented by non-essential aminoacids, antibiotics and 10% foetal calf serum (Flow Laboratories, Irvine, Ayrshire, U.K.). Twenty-four hours after incubation, the cells were detached following the standard trypsinization procedure and suspended in MEM for suspension cultures, supplemented by antibiotics and 10% foetal calf serum. In all the experiments, the cells were used 6 h after suspension.
Drugs and treatments DNR, ADR and AD-32 were obtained from Farmitalia C. Erba (Milan, Italy). Anthracyclines were dissolved immediately before use in bidistilled water, except for AD-32, which was prepared as stock solution in dimethylsulphoxyde. Dilutions were made in PBS at final concentrations ranging from 0 to 17 gM. The cells were washed from the culture medium with PBS and incubated in the drug solutions for 15min at 37°C, at a cell density of 106 ml-1. At the end of treatments, the cell suspension was divided into aliquots for the evaluation of drug uptake, or fluorescein efflux.
Preincubation with glucose was required when studying the dependence of fluorescein efflux on the metabolic energy supply. In order to avoid a further step between drug treatment and efflux, glucose (C. Erba, Milan, Italy) was added directly to the drug solutions at the final concentration of 20mM.
Cytotoxicity experiments
Cells were seeded at a density of 2 x I05 cells ml-' in 6-well Costar tissue culture cluster (Costar, Cambridge, Mass. USA). Twenty-four hours later, the cells were treated with the drugs for 15min, then washed with PBS and incubated in drug-free medium for 72 h. At the end of this period the cells adherent to the plate were harvested with trypsin and counted in a Coulter Counter (Coulter Electronics, Luton, UK). Cytotoxicity was expressed as the number of cells with respect to the control. The very low percentage (3-5%) of cells still adherent but already dead (evaluated by trypan blue dye exclusion test) did not alter significantly the results.
Fluorescein efflux FDA (Sigma, St Louis, USA) was prepared as the stock solution at 5mgml-1 in acetone, and diluted prior to use in PBS. Cell loading with fluorescein was achieved by 5min incubation in 2.4pM FDA solution at 37°C. The cells were thereafter centrifuged and suspended in fresh PBS, after removal of the supernatant. One aliquot of cell suspension was measured immediately as the 'zero time' sample, while the remaining cells were kept under continuous shaking in a thermostated water bath at 23°C, and measured at preset times. Glucose was also added to the efflux medium when present during drug treatments.
Fluorescence measurements were performed by means of Leitz (Wetzlar, West Germany) microscope-based flow cytometer (Steen & Lindmo, 1979) . Excitation light, supplied by a mercury lamp HBO 100W, was selected by an interference filter 450-490 nm, and a chromatic beam splitter at 495 nm. Fluorescence emission was collected with a barrier filter at 510nm. The electrical pulses from the photomultiplier were processed and memorized by a spectrascope Modular 8000 (Laben, Milan, Italy) multichannel analyzer and displayed as a frequency distribution of fluorescence intensity. Approximately 3 x 104 cells were measured from each sample. To obtain the efflux time course, the maximum fluorescence intensity from each histogram was plotted versus time. Efflux rate constants were calculated from the slopes of the curves by regression analysis and found to be consistent with a first-order kinetics (Rotman & Papermaster, 1966) . Rate constant did not show significant variations whether using a FDA concentration of 1.2 gM, 2,4,uM or 4.8 gM.
The contribution of anthracycline fluorescence to measurements was negligible in our experimental conditions. Reabsorption or fluorescence energy transfer from fluorescein to anthracyclines were already considered (Prosperi et al., 1985) : these phenomena did not occur to any significant extent, given the low absorption coefficient of anthracyclines in the region where partial overlap with fluorescein emission occurs, and the low quantum yield of anthracyclines.
A TP determinations ATP was determined by using the luciferineluciferase method (Boehringer, Mannheim, West Germany), according to Wiener et al. (1974) . After drug treatments the cells were washed with PBS, centrifuged and resuspended in ice-cold 0.6 M perchloric acid; after 10min, the extracts were neutralized with KOH. Luminescence measurements were performed in the cuvette holder of a fluorometer equipped with a single-photon counting system (Ortec, Oak Ridge, USA). Instrument was calibrated with ATP standard solutions.
Drug uptake After incubation with the drugs, the cells were centrifuged at 200 g for 3 min at room temperature, and the medium was removed. The cell pellets were resuspended in 1 ml of distilled water, subjected to freezing and thawing, and lysed by a Branson sonicator (Branson Europa N.V., The Netherlands).
50pl of cell lysate were removed for determination of protein content (Lowry et al., 1951) and to the rest 0.95 ml of n-butanol was added. The samples were vigorously shaken for 3 min, and the organic phase was collected after centrifugation at 200g for 10 min. Fluorometric measurements of the extracts were performed by means of a spectrofluorometer (Applied Photophysics Ltd., UK) at an excitation wavelength of 480 nm, 496 nm and 491 nm for ADR, DNR and AD-32 respectively; emission wavelength was set at 580 nm for ADR and DNR, and at 593 nm for AD-32. The experimental uptake values were corrected by a factor calculated for each drug, by determining the fluorescence intensity ratio of a given amount of anthracycline dissolved in n-butanol to the value measured after extraction of a lysate-buffer solution containing the same amount of drug. The extraction efficiences were 67%, 81% and 88% for ADR, DNR and AD-32 respectively. or AD-32 did not induce, in our experimental conditions, any significant loss of cell viability, at the moment when the efflux measurements were performed. Figure 2 shows I~~~~~~~~~~~~~~~~b Figure 3 shows the dependence of the efflux rate on the drug uptake in cells treated with or without glucose. Both conditions were evaluated, since the addition of glucose in the incubation medium might have induced a further export of the drugs from the cells. For each drug, at a given intracellular concentration, the presence of glucose induced an increase in the rate constant, without any appreciable difference in the trend of the curve. In the range of concentration tested, the efflux rate constant decreased linearly as the amount of intracellular drug increased in ADR-treated cells (a). In DNR-treated cells (b), two different slopes were found: the faster decrease was observed up to an intracellular concentration of -0.1 nmol mg -1 protein. For AD-32 (c), an exponential relationship seems to fit. The greatest inhibition of the efflux was exerted by DNR: the amount that induced a 50% decrease in the efflux rate (0.59 nmol mg-1 protein) was lower than that found for ADR and for AD-32 (0.67 and 2.77 nmol mg-t protein, respectively).
Determinations of ATP levels in cells treated with anthracyclines showed that the considered drugs reduced ATP content with respect to control cells and that glucose increased all the values of both treated and control cells. Table II reports ATP levels in cells treated with ADR, DNR and AD-32 at the concentrations that inhibit fluorescein efflux by 50% in respect to the control, both in the presence and in the absence of glucose 20 mM.
The extent of cytotoxicity induced by ADR, AD-32 and DNR in HeLa cells was determined at the same drug concentrations that inhibited the fluorescein efflux. Figure 4 shows the surviving fractions of cells treated for 15 min with ADR (a), DNR (b) and AD-32 (c), as a function of drug availability in the medium. The insert in each panel also shows the amounts of drug taken up by the cells in the same experiments. These data indicate that ADR showed the highest activity: the 50% inhibition of cell proliferation was found at 0.37 nmol mg-1 protein for ADR, 0.64 for DNR and 1.40 for AD-32.
Discussion
The efflux of fluorescein from living cells has been shown to be dependent on membrane integrity and 1 on the metabolic energy supply; indeed, the dye release is affected both by membrane-active agents and mitochondrial poisons (Sengbush et al., 1976; Baisch, 1978; Prosperi et al., 1986) . Therefore, the monitoring of the kinetics of fluorescence decrease from anthracycline-treated cells may provide information on alterations induced by the drugs, either on membrane structures or energetic cell metabolism. These two aspects can be distinguished, since only the effect on metabolism is offset by glucose. The anthracyclines considered inhibited fluorescein efflux apparently through the same mechanism shown by metabolic inhibitors, since glucose was able to restore the efflux. This restoration might have been induced by a lower drug accumulation, since anthracyclines are also actively exported from the cells (Dan0, 1973; Inaba et al., 1979) . However, this possibility is ruled out by the finding that, at the same intracellular amount of drug, fluorescein efflux measured in the presence of glucose was always faster than that in cell incubated without glucose (Figure 3 ). This increase was also observed in cells incubated without drug, thus suggesting that glucose increases energy levels available for efflux. This hypothesis is supported by the finding that drug treatments also induced a reduction of the ATP levels into the cells. Concurrently, glucose was able to increase energy availability, both in treated and in control cells. Furthermore, the possibility of an inhibition of fluorescein efflux by a direct interference of anthracycline molecules, seems rather unlikely since the rate constant of the dye release did not change significantly when higher levels of fluorescein were attained into the cells by using different FDA concentrations. It appears therefore that ADR, DNR and AD-32, irrespective of their ability to bind to DNA, affected membrane permeability functions dependent on the metabolic energy supply, by impairing mitochondrial activity. Interactions at the mitochondrial level, resulting in impaired metabolic reactions have been already observed by several authors (Gosalvez et al., 1974; Iwamoto et al., 1974; Ferrero et al., 1976; Mailer & Petering, 1976; Folkers et al., 1977; Goormaghtigh et al., 1982; Solaini et al., 1985) and our findings are consistent with these reports.
The anthracyclines investigated in this study showed a different ability in inhibiting fluorescein efflux. In particular, AD-32 was at least 4 times less effective than DNR and ADR, when the rate constant was related to the amount of drug accumulated intracellularly. These results could be explained by taking into consideration a possible differential affinity of the drugs for mitochondrial structures. Indeed, binding to cellular compartments is greatly established by the charged form of the anthracyclines, that are protonated in the amino group of the sugar moiety (Skovsgaard & Nissen, 1982; Siegfried et al., 1985) . AD-32 is less ionizable than DNR and ADR, due to the substitution of an hydrogen with a -COCF3 group in the amino residue; therefore, it is possible that mitochondrial uptake, that could be also driven, like other cationic dyes (Johnson et al., 1981; Lampidis et al., 1983) , by the inside-negative potential of mitochondrial membrane, is lower for the uncharged form of the drugs. Furthermore, it is known that ionized anthracyclines interact with negatively charged phospholipids (i.e. cardiolipin, Goormaghtigh et al., 1980) thereby impairing the cytochrome c oxidase activity (Goormaghtigh et al., 1982) . These arguments may account both for the qualitative and quantitative differences found for the relationship between fluorescein efflux rate and intracellular amount of drug.
Although many reports support an interaction of anthracyclines with energetic metabolism, the actual contribution of these interactions to cytotoxicity is not yet known, nor the relationship between cytotoxicity and changes in membrance functions has been studied extensively. A correspondence of ADR doses required both for cytotoxicity and changes in the rate of lectin-induced cellular agglutination has been reported by Murphree et al. (1976) ; on the other hand, inhibition of 86Rb uptake in confluent fibroblasts has been shown to occur at concentrations two orders of magnitude higher than those causing cytotoxicity (Landolph et al., 1980) . In our experiments, the same conditions that affected permeability properties were also toxic to HeLa cells. The cytotoxicity assay showed that for each drug, the amount reducing cell survival to 50% was in the same order of magnitude as that inhibiting fluorescein efflux to the same degree. It 
